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Most of the early identi ed brassinosteroid signaling and losynthetic mutants are
null mutants, exhibiting extremely dwarfed phenotypes andmale sterility. These
null mutants are usually unable to be directly transformed i@ a routinely used
Agrobacteriummediated gene transformation system and therefore are lesuseful for
genetic characterization of the brassinosteroid (BR)-raled pathways. Identi cation of
intermediate signaling mutants such adril-5 and bril-9 has contributed drastically to
the elucidation of BR signaling pathway using both geneticrad biochemical approaches.
However, intermediate mutants of key genes regulating BR bsynthesis have seldom
been reported. Here we report identi cation of several intemediate BR biosynthesis
mutants mainly resulted from leaky transcriptions due to #insertions of T-DNAs in the
introns. These mutants are semi-dwarfed and fertile and cagble to be transformed.
These intermediate mutants could be useful tools for futureliscovery and analyses
of novel components regulating BR biosynthesis and catab@m via genetic modi er
screen.

Keywords: brassinosteroid, brassinolide, intermediate al leles, BR biosynthesis, BR catabolism

INTRODUCTION

Brassinosteroids (BRs) are a group of plant steroidal horragrlaying vital roles in almost all
aspects of plant growth and development. Mutants blocking eiBf signaling transduction or
biosynthesis exhibit typical phenotypes including dwar sne-etiolation in darkness, delayed
owering, reduced male fertility, and short root phenotypésiduse and Sasse, 1998ince the
BR receptor BRASSINOSTEROID-INSENSITIVE 1 (BRI1) was disedwaong with a series of
bril mutants obtained by mutagenesis, multiple typical weakedlefbril showing semi-dwarf
phenotypes have been characterizéd gnd Chory, 1997; Noguchi et al., 199%or example,
bril-5is one of the rst described and wildly used weak BR mutants i82\écotype which bears
a substitution of Tyr for Cys at the 69th amino acid (aa) of faéred cysteines in the extracellular
domain (Noguchi et al., 1999 In addition, bril—6 bril—7, bril-8,and bril-9are the other ethyl
methane sulfonate (EMS)-mutagerficil mutants in WS2 ecotype with di erent amino acid
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substitution (Noguchi et al., 1999 bril-6 (G644D) andbril-7 by DWF7, to 24-methyldesmosterol by DWFTCHoe et al.,
(G613S) are two mutants mutated in the 70 aa island in thé€999a,b, 2000; Clouse, 20(@4-methyldesmosterol then can be
extracellular domain. A change of Arg to Asn at 983th aa in theonverted to campesterol (CR) for brassinosteroid biosyrishes
kinase domain irbril—-8was identi ed.bril-9carries a missense or to 24-epi-campesterol for brassicasterol biosynthesis. The
mutation of Ser622-to-Phe in the 21st LRR of the extracellulaprecursor CR is principally converted to campestanol (CN) by
domain. Further investigation showed thatil-5 and bril-9 CPD and DET2, and then to BRs via the early and late C-6
were retained in the endoplasmic reticulum (ER) by an ER qualitpxidation pathways4hao and Li, 201R In these processes, the
control system {in et al., 2007; Hong et al., 200Bril-119is  C-22 hydroxylase DWF4 is a rate-limiting enzyme which can
a mutant with G644D in En-2 ecotype by point mutagenesisatalyze multiple C-22 hydroxylation steps. CN can be orderly
(Friedrichsen et al., 200.0A Gly was replaced by lle at the 989th converted to 6-oxocampestanol (6-oxoCN), cathasterone),(CT
aa of the kinase domain ibril-3010of Col-0 ecotypeXu et al., teasterone (TE), 3-dehydroteaserone (3DT), typhasterd)(T
2009. bril-120has a change of Ser to Phe at the 399th aa in thand then to castasterone (CS), respectively, in the early C-6
13th LRR domain of BRI1Shang et al., 20).1 oxidation pathway. For the late C-6 oxidation pathway, CN is
During the past decades, the intermediate allelebrdf in  converted to 6-deoxocathasterone (6-deoxoCT) and then$o C
Arabidopsis have helped with identi cation of new componentsas the similar steps to those in the early C-6 oxidation pathway
involving in BR signaling and biosynthesis pathways. Foifhe CSisthento nally catalyzed to BRI{ao and Li, 201
instance, BRI1 SUPPRESSOR 1 (BRS1), BRI1-ASSOCIATEDMeanwhile, plants would evoke a precise metabolic system
KINASE 1 (BAK1), BRI1-LIKE RECEPTOR KINASE 1 (BRL1){o maintain the intracellular BR homeostasis to ensure optima
and BSU1 are discovered to be involved in BR signal transatucti growth and development. BR catabolic pathways are still largely
by genetic suppressor screen fmil-5 (Li et al., 2001, 2002; unknown. Only a few components were found to participate
Mora-Garcia et al., 2004; Zhou et al., 2)bfil-EMS-suppressor in BR catabolic pathways largely by mutant screening so far.
1 (bes1-was identi ed as a suppressor bfil-119(Yin et al., For example, ACTIVATION-TAGGED SUPPRESSOR 1 (BAS1)
2002. activation-tagged bril suppressor-Domingibs-D can involves in BR catabolism in Arabidopsis and provides a
suppress the dwarf phenotype bfil-301(\Wang et al., 2009; connection between photoreceptor signal transduction and BR
Kang et al., 2000 EMS-mutagenized bril suppressofeBs? signaling pathwaysNe et al., 1999; Turk et al., 200.3BEN1,
is an allele-speci ¢ suppressor bfil-9 TCP1 was found as a dihydro avonol 4-reductase (DFR)-like protein, is respdiisi
a transcription factor ofDWARF4 (DWF4), which encodes a for regulating the levels of TY, CS, and Blugn et al,
rate-limiting enzyme in BR biosynthetic pathway, by suppresso2007. DRL1, an acyltransferase, regulates BR homeostasis likely
screen forbril-5 (Guo et al., 20100 bril-5 ENHANCED 1 by catalyzing the BR conjugation through esteri cationih(:
(BEN1) is an enhancer obril-5 which is responsible for etal., 2018 BRASSINOSTEROID INACTIVATORL1 (BIA1) and
BR metabolism and whose overexpression enhanced the dwW&ABNORMAL SHOOT-1 (ABS-1), two BAHD acyltransferase
phenotype obril-5(Yuan et al., 2007 family proteins, have been found to be involved in BR acytatio
BR biosynthetic pathways were annotated largely bjo reduce BR levelsRph et al., 2012; Wang et al., 2)1Fhe
using gas chromatography-mass spectrometry (GC-MSjcyltransferase PIZZA (P1Z) can modulate BR levels by tagla
and genetic modier screening in recent years. To datein Arabidopsis Gchneider et al., 20).2
several key enzymes such as DE-ETIOLATED2 (DET2), More precise and detailed mechanisms of BR biosynthesis and
DWF4, CONSTITUTIVE PHOTOMORPHOGENESIS AND catabolism need to be investigated. Limitation of internagel
DWARFISM (CPD), CYP90C1/ ROTUNDIFOLIA (ROT3), BR biosynthetic mutants leads to slow progress in this resear
CYP90D1, BR60OX2/CYP85A2 have been found to catalyzgea. Thus, far, only a few weak mutants of key BR biosynthetic
the conversion of the intermediates in the BR biosynthesienzymes encoding genes have been found in Arabidopsis, such
pathways in Arabidopsis—{jioka et al., 1997; Choe et al., 1998as det2—-1 det2—28 det2—101 pscldwf4 (Chory et al., 1991;
Kim et al.,, 1998, 2005; Shimada et al., 2003; Ohnishi et aLi et al., 2001; Ren et al., 2009; Guo et al., PO this
2012. It is revealed that BR was biosynthesized via one of thetudy, we report the identi cation of several intermediat® B
sterol biosynthetic pathways from the 24-methylenelophenobiosynthetic mutants showing semi-dwarf phenotypes, which
The 24-methylenelophenol can be converted into at leastethrevould be excellent materials for genetic modi er screen to
nal products in sterol biosynthetic pathways: Stigmasteroldiscover new components in BR biosynthesis and catabolism
brassicasterol and BRs. When the 24-methylenelophenol pathways.
catalyzed to 24-ethylidenelophenol by sterol methyltrareses
SMT2 and SMTS3, the intermediate 24-ethylidenelophenol iNATERIALS AND METHODS
then converted to acenasterol catalyzed by C4-methyltesase,
to 5-dehydroavenasterol by 7-sterol-C5-desaturase DWF7, to Plant Materials and Growth Condition
isofucosterol by sterdl ’ reductase DWF5, td 24 23sitosterol Seeds of Col-0, dwf4-96 (SAIL_580_B09), dwf4—44
and then to sitosterol by the 24-methylenecholesterol otdlse (SAIL_882 FO07)cpd9l (SALK _078291)cpd (SALK_023532)
DWF1, and the sitosterol is nally converted to stigmastdsy and dwf5-7 (SALK_127066) were ordered from Arabidopsis
C-22 sterol desaturasesi{oe et al., 1999a,b, 2000; Clouse, 002Biological Resource Center (ABRQ@wf5—-8was obtained by
When the 24-methylenelophenol is catalyzed by C4-demetkyla T-DNA insertional mutagenesis in thdéakl-4 background.
it converted into episterol, then to 5-dehydro eposterol batead Briey, a binary vector pBIB-BASTAwas transformed into
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bakl-4mutant, a mutant showing a dwarf phenotype similarwith Universal SYBR GREEN gPCR Master Mix (2) (Gangchi
to that of BR biosynthetic mutants was obtained in the T2Bio). The parameters of semi-quantitative PCR is as foll@&<
transgenic plants. The dwarf mutant in thekl-4background for 5 min, 95 C for 15, 50C for 30 s, 72C for 1 kb min 1 goto
was then crossed with Col-0 drakl—4for several generations step 2 for another more cycles according to the expressiad lev
to segregate out other mutation sites. Arabidopsis seeds weof the speci c genes. Parameters of the qPCR i€¥r 3 min,
surface-sterilized and grown in the soil or on the 1/2 Muragghi 95 C for 155, 55C for 155, 72C for 20, go to step 2 for 39
and Skoog (MS) media (pH 5.7) supplemented with 1% sucrosaore cycles. Then increment of 06 from 65 C to 95 C for
and 0.8% agar and then placed in a greenhouse & BRder 16 5s was used for melt curve analydis. Cq method was used to
light/8 h dark condition. normalize the gPCR dat&ACT2was used as an internal control.
Primers are listed iTable S1
BR Treatment and Root Growth Assay _ _
Surface-sterilized seeds were grown in the soil by sprayifgene Cloning and Transformation
1mM of 24-epiBL twice a day, then plant rosette width wereTotal RNA was extracted from 2-week-old plants by using
measured after 3 weeks. For root growth assay, surfadézetér RNAprep pure Plant Kit (TIANGEN). Two micrograms
seeds were grown on 1/2 MS plates supplemented with 19§ total RNA was transcribed by using M-MLV Reverse
sucrose, 0.8% agar with di erent concentrations of 24-epiBle ~ Transcriptase (Thermo Fisher Scientic). cDNAs were then
seeds were then strati cated at@ for 2 days and placed at ampli ed from reversely transcribed total RNA and constructed
22 C under 16 h light/8 h dark conditions. Roots of 7-day-old into pDONR/Zeo with BP clonase Il by a GatewayCloning
seedlings were measured and analyzed using Graphpad Prigaghnology (Invitrogen, USA). The ENTR plasmid was then
and ImageJ v1.47m software. At least ten plants were used figcombined into a binary vectopBIB-BASTA-35S-GWR-GFP
each measurements. All experiments were repeated for at lea¢th LR clonase Il and transformed in the corresponding mugan
3 times. Only the represented seedlings and statisticalwlata ~ Vvia an agrobacteria-mediated transformatiani(et al., 201%
shown. Studentttest was used to show the signi cance between

the mutants. Western Blot Assay

Seven-day-old seedlings were treated with 0 and 100nM 24-
BRZ Treatment and Hypocotyl Growth epiBL for 90 min and then grounded to ne powder in the liquid
Inhibition N> for total protein isolation (Vang et al., 2005 Proteins were

Seeds were grown on 1/2 MS plates with di erent concentration'smmuno'bloned with a-BES1 antibodies after being separated

of brassinazole (Chemiclones, Canada) at Q2under 16 on 12% SDS-PAGE gel according to previous st@y(et al,
light/8h dark condition. Hypocotyls of 5-day-old seedlin932012)'

were measured and analyzed using Graphpad Prism and

ImageJ v1.47m software. At least ten plants were used in eaBESULTS

measurements.AIIexperlm(_ants were repga_ted for at leas&3tim Identi cation and Veri cation of dwf5—8

Only the represented seedlings and statistical data wenersho

Studentst-test was employed to show statistical di erencele'Itant

between the mutants. BAK1 is essential for brassinosteroid perception as a cgtece
of BRI1. The single mutanbakl-1shows a subtle phenotype
Rosette Width, Plant Height, Silique which mimics the weak allelbril-5 whereas double mutant

of bril-5 bakl-lexhibit more serious dwar sm than that
of both the two single mutantsF{gure 1). Moreover, double
5nutati0n of BAK1 and its functionally redundant genBKK1
shows a spontaneous cell death symptore (et al., 200}

Length, and Seed Number Measurements
Plants grown in the soil just before bolting were used forettes
width measurement. Matured plants grown in the soil were use

for plant height, silique length, and seed number measurdmen Therefore, we speculate that BAK1 might have collaborated

Graphpad Prism and ImageJ v1.47m software was used to anal 8 . - . .
. )?VI other unknown components including BR biosynthesis
the data. At least ten plants were used in each measurements.

. . or signaling pathway-related genes to regulate plant growth
All experiments were repeated for at least 3 times. Only th 9 gp Y 9 9 P g

. . &nd development. A T-DNA mutagenesis was employed to
represented seedlings and.st.atlstlical data were showreSistd screen mutants irbaki—4background with pBIB-BASTAvia
test was used to show statistical di erences between themsita

agrobacteria-mediated transformation. In T2 transgenianps,

. o A a mutant named 121A from pool 121 showing a dwarf phenotype
Semi-Quantitative Reverse Transcription was obtained, which mimics BR-de cient mutantSigure 2A).

PCR (RT-PCR) and Quantitative RT-PCR 121A was then crossed with Col-0 to segregate outhifiel—
(gPCR) Analyses 4 background, which was named as 121ANb. RT-PCR analyses
Two micrograms of total RNA extracted from seedlings weravere used to detect expression of key BR biosynthesis genes.
reversely transcribed by using M-MLV Reverse Transcriptas€he results show thaDWF5 but not CPD BR60OX2 DW4,
(Thermo Fisher Scientic). First strand cDNAs of reverselyDET2 DWF1, and DWF7 were not detectable in the 121ANb
transcribed 50 ng of RNA was used for semi-quantitative RTmutant (Figure SJ, suggesting thaDWF5 might be knocked
PCR analyses witBxTagDNA polymerase (TaKaRa) and gPCR out. Then we designed several primers to amplify the genomic
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FIGURE 1 | bril-5 bak1-1 double mutant shows a more severe dwarf
phenotype than that of both  bril-5 and bak1-1 single mutants.
Three-week-old plants were photographed. Scale bar represnts 1 cm.

DNA fragments to investigate whether there is a mutation in
DWF5. The results show that the PCR products cannot be _#1 #2 O#3
examined with primers of DWF5-5UTR F and DWF5-5UTR R, 35S::DWF5 bak1-4 dwf5-8

indicating that there might be some mutation in the sequence ©
between the two primers{gure S2. Further analyses show that Endogenous _

a deletion of 1213 to 376 bp from the start codon @WF5 Transgene ﬂ

was found in 121ANb by PCR-based sequencing using primers
of DWF5-Middle F and DWF5-Middle RRigure S3, indicating EFa
that the dwarf phenotype might be caused by the mutation of
DWF5o0r AT1G05440. The single dwarf mutant was then named FIGURE 2 | The dwarf phenotype of 121A was caused by the mutation
after dwf5—8 Overexpression oDWFS5 restored the dwar sm | of DWF5. (A) 121A shows an extremely dwarf phenotype compared to Col-0
phenotypes obak1—4 dwfs5—8ouble mutant, suggesting that the and bak1 4 .121A was obtailned from the pool 121 by a T-DNA insertional
dwarf phenotype is truly caused by loss-of-function VES mutagenesis in thebakl 4 single mutant. Scale bar represents 1 cm(B)

DWF5

Phenotypes of thebakl 4 dwf5-8 and the rescued transgenic lines.

(Figures ZB:Q- Overexpression ofDWF5 fully restored the dwar sm ofbakl 4 dwf5 8
double mutant. Scale bar represents 1 cm(C) RT-PCR analyses of
The Intermediate BR BiosyntheSiS Mutants endogenous and the transgenes ofDWF5 (36 cycles).EF1 was ampli ed as

a control for 19 cycles.

Show Semi-Dwarf Phenotypes
Mutant analyses were often used in researches on BR
biosynthesis. For the purpose of further discovery of unknown
components in BR biosynthesis pathway by genetic approaché&iort petiole phenotypes of the mutants can be rescued by
several biosynthetic mutants have been obtained from thR@B overexpression of the corresponding gendsgyres 4A,B.
(Arabidopsis Biological Resource Center) or made locallygiai  Relative expression &OT3is higher, whileSAUR-AC1is lower
T-DNA insertional mutagenesisiwf4—96(SAIL_580_B09) and in dwf4—96 dwf4—44 cpd9] cpd dwf5-7,and dwf5—8mutants
dwf4—44(SAIL_882_F07) are two new mutants@WF4found than Col-0 Figure S4. These results clearly suggest that the
in the Col-0 ecotypedwf4—96shows round and dark-green Nnewly identi ed mutants are indeed caused by mutation ofggn
rosette leaves, whil@wf4—44shows more severe dwar sm and involving in BR biosynthesis pathways.
shorter petiole phenotypes&igures 3A,B. Both of them possess L
a T-DNA insertion in the seventh intronRigure 3Q). gPcR Responses of the Mutants to Brassinolide
analyses show thddWF4 was expressed in both of tawf4 (BL) and Brassinazole (BRZ)
mutants Figure S9. cpd91(SALK _078291), harboring a T-DNA It is well known that exogenous BL feeding can rescue the dwar
insertion in the fth intron of AT5G05690 was identi ed as an phenotypes of BR biosynthetic mutants. To test whether these
additional mutant ofCPDshowing a bigger rosette than that of mutants can be truly rescued by BL feeding, soil-grown plants
the null allelecpd (SALK_023532)Kigures 3A-Q. cpd9lis a of Col-0 anddwf4—96 dwf4—44cpd91 cpd dwf5—7,and dwf5-8
leaky mutant con rmed by gPCR analysiBigure S4. mutants were sprayed withriiM of 24-epiBL for 3 weeks, the
Six alleles ofdwf5 showing typical dwar sm phenotypes results show that these mutants are all remarkably restared
resembling the other BR mutants have been described prdyiougplant size by spraying inM of epiBL (Figure 5). In addition,
(Choe et al., 2000 In addition to dwf5—-8 here we acquired rootlength ofcpd91dwf5—7 dwf5-8can be signi cantly restored
another dwf5 alleles, dwf5—7 (SALK _127066) from ABRC by low concentration of BL treatment, and hypocotyl length of
(Figures 3A,B. dwf5—7is a leaky mutant obtained from ABRC some of the mutants was elongated more or less by BL treatment
harboring a T-DNA insertion in the eighth intron oDWF5  (Figures S5A-Q. The results indicate that these mutants exhibit
(Figure 3Q). Expression ofDWF5 is not detectable in both responses similar to other known BR-de cient mutants to BL
dwf5-7 and dwf5—-8 mutants. Moreover, all the dwar sm and feeding.
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FIGURE 3 | The intermediate mutants show less compact phenotype s
than that of the null mutants. (A) Weak alleles ofdwf4, cpd, and dwf5 show
less compact phenotypes than that of the null mutants(B) The detached
rosette leaves of the weak mutants show longer petioles andehves than that
of the null mutants.(C) T-DNA insertion sites in the mutants. Blue arrows show|
the primer sites fordwf5 8 identi cation.

FIGURE 4 | Overexpression of genes restored the weak and null
mutants. (A) Phenotypes of the mutants and the rescued transgenic plants

. . . Scale bar represents 1.cm.(B) RT-PCR analyses show the mutants are
One of the critical roles of BRs is promoting the hypocotyl rescued by the overexpression of corresponding genes (30 aes). ACT2 was
elongation. In an attempt to understand the e ects of the mutan | ampli ed as a control for 19 cycles.

on the hypocotyl growth, we applied the BR-speci ¢ inhibitor,
BRZ on the mutants in the darkXsami et al., 2000 The results
show that 0.1 and 0/5M BRZ inhibited the hypocotyl length
of mutants more or lessHjgure S§. The dwf4—96and dwf5-7
mutants show less sensitive to ¥l BRZ than another set of
allelesdwf4—44and dwf5-8 respectively. Howeverpd91lshows
similar response to BRZ with the null allelpd probably because
these two mutants exhibit not signi cant di erence of dwans

at early growth stages. The application of 24-epiBL and BRZhe Intermediate Alleles Are Good Tools
suggests that these dwarf mutants indeed resulted fronkblgc  for Genetic Suppressor Screen

BES1 was decreased dwf4, cpd,and dwf5 mutants, and the
dephosphorylation was restored by application of 24-epiBL,
indicating that these mutants impaired the activities of BES
BR signaling pathwaygures 6A,B.

BR biosynthesis in di erent degrees. It is proven that genetic suppressor screening is an e ective
. . . approach in researches on BRs. Because a typical null BR

The Mutants Differentially Display mutant shows extreme dwarf and sterility phenotypes, the

Biochemical Sensitivity to BR Response ideal mutants often chosen for genetic modier screen are

The dephosphorylated BES1, the active form, entering thimtermediate mutants of key genes which can set seeds inkhe B
nuclei is a key step in BR signaling pathwayin( et al., biosynthesis or signaling pathways. To observe if the mutants
200). To test whether the mutants we obtained aect thereferred in the context can be used as the tool for genetic
BR signaling pathway, western-blot was employed to examirsereening, the phenotypes of the matured intermediate allele
the phosphorylation and the dephosphorylation status of BES4uch as plant height, rosette width, silique length, and the
in the mutants. The results show that the dephosphorylatedverage seed numbers in each silique were further invéstiga
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FIGURE 5 | The dwarf phenotype of dwf4-96, dwf4—44 , cpd91, cpd,
dwf5-7, dwf5-8 were signi cantly restored by exogenous 1 mM of
24-epiBL feeding. (A) Phenotypes of seedlings been sprayed with 0 or I'M
of 24-epiBL twice a day for 3 weeks. Scale bar represents 1 cm(B) Rosette
width of 3-week-old plants with 0 or 1 mM of exogenous 24-epiBL feeding.
Two-tailed t-test was used to show signi cance between the
24-epiBL-untreated and treated rosette width of the seedtigs. (**P < 0.001;
*»*P < 0.01).

(Figures 7A-H. Although the weak alleles are all shorter than
the wild-type dwf4—96cpd91anddwf5-7yielded lots of normal
seedsKigures 7A-H. Even ifdwf4—44is a weak allele showing
less compact rosette leaves than the null mutantdva®, it did
not yield any seeds$-{gures 7A-H. The seeds of the null mutant
dwf5-8are fertile, because DWF5 catalyzes the sterol reducti
step but not the only way upstream BR biosyntheSisde et al.,

2000. To test whether the weak alleles are good for geneti

modi er screening, an activation tagging approach with a lojna
vector pPBASTA-AT2was employed to screen suppressor fro
cpd91 Several suppressors which can partially rescue the dw.
phenotype ofcpd91lwere obtained Kigure Sj. These results
suggestdwf4—96 cpd91 dwfs5—7,and dwf5—8could be used for

genetic modi er screen to discover new components involvinqo po

BR biosynthesis and catabolism pathways.

DISCUSSION

In the last few decades, BR signaling pathways have beerywid

gl

6’:';i%gnaling, which have demonstrated to play dual roles in BR

FIGURE 6 | In vivo assay of BES1 activity shows that

dephosphorylation of BES1 was impaired in the mutants and BL

feeding fully restored the BR-response of the BR-de cit mutant s. (A)
Western blotting to detect phosphorylation and dephosphoylation status of
BESL1. (B) Relative amount of phosphorylated and dephosphorylated B&1 in
the mutants according to the western-blot results of(A).

plants. Gain-of-function such as activation-tagging apptoec

an alternative approach to reveal novel genes regulatingd@flsi
transduction. Some of these encoding genes involving in BR
signaling pathway are identi ed via genetic suppressor screen
using the weak alleles bfil in Arabidopsis. For instance, BAK1
was identi ed as a co-receptor of BRI1 by an activation tagging
approach searching for genetic suppressors of an intermediate
BRI1 mutant allelebril-5(Noguchi et al., 1999; Li et al., 2002
BRSL1 is a serine carboxypeptidase involved in early events in
BRI1 signaling pathwayl( et al., 2001; Zhou and Li, 205
but little is known, so far, about the mechanisms of how BRS1
regulates BRs. BRI1-LIKE RECEPTOR KINASE 1 (BRL1) was
identi ed playing a redundant role with BRI1 in BR signaling

0&hou etal., 2004 BSU1 was identi ed aslaril-5suppressor by

activation taggingl{lora-Garcia et al., 2004es1-Dwas found as
suppressor of a weak all&lel-11%hrough EMS mutagenesis

(Yin et al., 200 BES1 and BRASSINAZOLE-RESISTANCE 1

RZ1) are two important transcription factors downstream BR

signaling and biosynthesis regulatiokvéng et al., 2002; Yin
etal., 200p. BES1 targets a large number of genes such as MYB30
sitively enhance BR signaling and negatively regutgaes
involving BR biosynthesis pathways suctDA&F4 and CPDin

a feed back loopl( et al., 2009; Ye et al., 2011; Yu et al., 3011
BRZ1 induces the expression of genes to positively amplify BR
signals and directly targets BR biosynthetic geGE®, DWF4,
BOT3,and BR60Xin a negative feedback mannerd et al.,

elucidated by biochemical and genetic approaches. Reverze0s.

genetics is extensively used to uncover the genes partiegpati
in BR signal transduction. Because of the gene redundancy

It is reported thatCPDis transcriptionally regulated by BRX,
the convergence between BR and auxin in root development

plant genome, a mutant with loss-of-function of a single genéMouchel et al., 2006 Another evidence shows that CESTA
may not show distinct phenotypes compared to that of wild-typedirectly regulates the expression @PD by binding to its

Frontiers in Plant Science | www.frontiersin.org

January 2017 | Volume 7 | Article 1893



Du et al.

Leaky BR Biosynthesis Mutants

FIGURE 7 | Phenotypes of the matured null and weak allele mutant ~ s.
(A) Plant height of the matured plants. The weak mutants show seirdwarf
phenotypes. Scale bar represents 1 cm(B) The peeled silique phenotypes of
the null and weak allele mutants. Scale bar represents 1 mn{C) Statistical
analyses of plant height(D) Statistical data for the rosette width of the
mutants. (E) Silique length measurements of the mutants(F) Seed number
count of the mutants. One-tailedt-test was used to show signi cance of the
index between Col-0 and the mutants. (**® < 0.001; **P < 0.01).

promoter (Poppenberger et al., 20L1A transcription factor
TCP1 directly binds to the promoter dWF4 and positively
regulates the expression BWF4 (Guo et al., 2010 However,

catabolism are not well understood yet. For example, It was
recently discovered thaDWF4 is also stimulated by auxin,
but the intermediate factors are still unknowrCljung et al.,
201). Besides the regulation mechanism&&fDand DWF4 by
known transcription factors, do any other components dirgctl
transcriptionally and translationally regulat€PD DWF4
DWEF5, and other BR biosynthetic genes? Any other unknown
genes involving regulating BR biosynthesis and catabolism® Ho
doesBEN1function in BR catabolism pathways? These scienti c
questions needs to be dissolved by di erent approaches such as
using genetics and biochemistry tools.

Because of the possible instability of some derivative of
BRs, it's relatively dicult to fully reveal the mechanismsg o
BR metabolism solely by chemistry or biochemistry approach
(Khripach et al., 1999 Genetic methods should be considered
in this case. However, it was impeded in researches on BR
metabolism by reverse genetics because of limited inteiatesd
alleles of the key genes in BR biosynthesis pathway. In thily stu
several weak mutants were identi ed as good tools for geneti
suppressor screen for new components in BR metabolism.
First, most of the identi ed BR intermediate alleles canlgie
normal seeds, which is a critical guarantee of genetic scree
Second, CPD and DWF4 catalyze key steps of BR biosynthesis.
Using activation-tagging genetic suppressor screen for thakw
mutants cpd91 and dwf4-96 it is likely to nd the genes
directly activating or inactivating CPD and DWF4. Third,
DWEFS5 is responsible for the sterol biosynthesis upstream of BR.
Suppressor screen fawf5 mutants may help us to dissect the
crosstalk between BR biosynthesis and other sterol biosgigh

In conclusion, except for the known intermediate mutants
of BR signaling and biosynthesis pathwag®f4—96 dwf4—44
cpd9l dwf5-7and dwf5—-8are identi ed as intermediate alleles
in BR biosynthesis pathways. These mutants might provide a
useful tool for genetic suppressor screen to nd out more new
components in BR metabolism in the near future.
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Figure S1 | Semi-quantitative RT-PCR analyses show that DWF5, but not
several other BR biosynthetic genes, is not detectable in th e dwf5-8
mutant. Thirty six cycles were used for BR biosynthetic genes, and 18ycles for
EF1 for the PCR ampli cation.

Figure S2 | Genomic DNA fragments are differentially detectable from
dwf5-8 and Col-0 with different primers.  Bands in lane #1 were ampli ed with
primers Bands in lane #1 were ampli ed with primers DWF5-5UTHF and
DWF5-5UTR R, bands in lane #2 were ampli ed with primers DWF34iddle F and
DWF5-Middle R, and bands in lane #3 were ampli ed with primer®WF5-3UTR F
and DWF5-3UTR R. All PCR products were obtained from a 36-cye

ampli cation.

Figure S3 | A deletion of —1213 to 376 bp from the start codon of DWF5
was found in dwf5-8 mutant. Green box shows that the deleted genomic
fragment indwf5-8 mutant.
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